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Abstract
Reciprocal inductive interactions are postulated to play a role in the determination and differentiation of the pituitary gland and the
ventral hypothalamus. The homeobox gene Rpx/Hesxl is expressed during gastrulation in the anterior endoderm, prechordal plate, and the
prospective cephalic neural plate, and at later stages of development in Rathke’s pouch, the primordium of the pituitary. We have defined
the regulatory elements necessary for proper spatial and temporal expression during development in transgenic mice using lacZ reporter
genes. Proper spatial and temporal expression in the anterior endoderm prechordal plate and anterior neural plate can be recapitulated with
as little as 568 bp of upstream sequence and intragenic sequence containing the first exon and intron. Late-stage expression in Rathke’s
pouch requires additional negative and positive regulatory elements. Interestingly, deletion analysis uncovered an element that directs
transgene expression to a region of the hypothalamus that lies in direct contact with Rathke’s pouch. In vitro tissue recombination
experiments have established that this expression is induced by contact with the pouch. We propose that this element may be present in other
genes that normally respond to signals emanating from the pouch during the development of the hypothalamic–pituitary axis. The Rpx–lacZ
transgenic mice provide a novel model system for the molecular dissection of inductive cell signaling during pituitary development.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The vertebrate embryo relies on complex inductive in-
teractions to orchestrate pattern formation, organogenesis,
and ultimately, the coordination of integrated organ sys-
tems. The hypothalamic–pituitary axis is a prime example
of such a system, as the regulated functions of the hypo-
thalamus and pituitary are intrinsically linked throughout
the life of the animal. Over the last few decades, experi-
mental embryology and molecular genetics has yielded ev-
idence indicating that the determination, development,
and/or differentiation of the primordia of the pituitary gland
(hypophysis) and the hypothalamus are also intimately cou-
pled.
The primordium of the anterior and intermediate lobes of
the pituitary gland (adenohypophysis) is first visible as a
thickened region of the midline oral ectoderm that lies
adjacent to the floor of the diencephalon or future hypothal-
amus. In the mouse embryo, this ectoderm invaginates at
approximately E8.5–9 to form Rathke’s pouch, which de-
taches from the oral ectoderm by E12–12.5 (Schwind, 1928;
Kaufman, 1992). At the same time, the infundibulum, an
outpocketing of the diencephalon, evaginates to give rise to
the neurohypophysis or posterior lobe of the pituitary. Dur-
ing this whole process, there is direct association between
the neuroectoderm of the diencephalon and Rathke’s pouch.
It is, in fact, one of the unique regions in the developing
head where there is no intervening mesoderm between neu-
roectoderm and ectoderm. The close apposition of these
tissues has argued that cell–cell contact and inductive tissue
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interaction may be important for their determination and
differentiation, and considerable supporting evidence has
been garnered from experimental manipulation of several
developing vertebrate species. A large number of early
studies have focused on the role of neural contact in the
determination and differentiation of the adenohypophysis
(Burch, 1938; Eakin, 1939, 1956; Driscoll and Eakin, 1955;
Pehlemann, 1962; Ferrand, 1972; Diakoku et al., 1982;
Wantanabe, 1982a,b; Kikuyama et al., 1993; Kawamura and
Kikuyama, 1995, Gleiberman et al., 1999). Recently our
knowledge has considerably improved about the hierarchy
of genes, expressed in the ventral diencephalon, that are
involved in the initial organ commitment and later devel-
opment of Rathke’s pouch. The signaling molecule BMP4
seems to be essential in the early induction, while members
of the FGF family play critical roles in both the organ
morphogenesis and positionally restricted determination of
pituitary cell lineages (Treier et al., 1998; Ericson et al.,
1998; Takuma et al., 1998; De Moerlooze et al., 2000). The
role that the pituitary primordium plays in hypothalamic
development has been less extensively studied, but contact
with the pituitary primordium has been shown to be impor-
tant for proper formation of the ventral hypothalamus and
median eminence in the frog (Etkin, 1964, 1965/1966), and
for the differentiation/proliferation of POMC expressing
neurons in the rat hypothalamus in vitro (Diakoku et al.,
1983). Signaling molecules, such as BMP2 and Wnt4 are
expressed in Rathke’s pouch (Treier et al., 1998), but their
significance for hypothalamic development is not clear.
The homeobox gene Rpx, also known as Hesxl (Thomas
Fig. 1. (A) Schematic structure of the Rpx gene. Exons are represented by boxes, while the position of the homeobox is indicated by purple coloring; introns
are numbered from I to III. Straight lines are 5 and 3 flanking sequences. Restriction sites used for in vitro manipulation are labeled with single letters: H,
HindIII; B, BamHI; X, XbaI; E, EcoRI; K, KpnI; P, PstI; N, NotI. (B) Structures of the RpxZ1–6 (1–6) fusion genes. The blue box followed by a striped
box represents the coding region of the bacterial lacZ gene and the polyadenylation region from SV40, respectively. (C) Summary of the expression pattern
of each construct at several time points of development, as compared with endogenous Rpx, nd, not determinable unequivocally.
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et al., 1995), is one of the earliest known markers for the
anterior region of the embryo and Rathke’s pouch (Hermesz
et al., 1996). Rpx is initially detected in the anterior-most
endoderm at the onset of gastrulation and is progressively
activated in the prechordal plate, anterior neural plate, and
Rathke’s pouch (Hermesz et al., 1996, Thomas and Bed-
dington, 1996). The expression of Rpx in the anterior neural
plate and Rathke’s pouch, which fate mapping experiments
have shown to be derived from the most anterior–medial
portion of the neural plate (the anterior neural ridge) (Couly
and Le Douarin, 1988; Eagleson and Harris, 1989; Osumi-
Yamashita et al., 1994), followed by its downregulation in
differentiated pituitary cell types, suggested that it plays an
important role in the initial determination or differentiation
of the pituitary primordium (Hermesz et al., 1996). Rpx/
Hesxl-deficient mice have anterior midline defects, hypop-
ituitarism, and ocular abnormalities (Dattani et al., 1998;
Martinez-Barbera et al., 2000).
We have used transgenic mice and lacZ reporter genes to
decipher the complex regulation of the Rpx gene during
development. We show here that the early expression in the
anterior neural plate is separable from the late expression in
Rathke’s pouch at the level of transcriptional control. We
have defined the critical regulatory region required for
proper early expression in transgenic embryos. We have
developed an in vitro tissue explant system using these
transgenic mice to study inductive interactions during pitu-
itary development. Finally, we have utilized this system to
identify an inducible element from the Rpx gene that is
activated in neuroectoderm by contact with Rathke’s pouch.
This element is the first molecular indicator of competence
of the neuroectoderm to respond to signals from Rathke’s
pouch and may provide a mechanism to understand this
process on the molecular level.
Materials and methods
DNA constructs
For all of the Rpx–lacZ reporter constructs described in
this paper (RpxZ1-6), the 3.35-kb KpnI–PstI fragment, con-
taining the Escherichia coli lacZ-SV40 polyA cassette from
plasmid pGT4.5A (Go¨ssler et al., 1989) was fused in frame
to Rpx genomic sequence at the KpnI site in the second
exon. To adjust the reading frames of lacZ and Rpx, a 1-bp
deletion was generated in Rpx close to the fusion point by
oligonucleotide directed mutagenesis. Mutagenic primer
E13 was used together with primer E3 to amplify a segment
between the EcoRI and KpnI sites from an Rpx genomic
clone GEM11-8 (Fig. 1A). This PCR product was substi-
tuted for the wild-type EcoRI–KpnI fragment in an inter-
mediate subclone. All constructs reported here carry the first
exon, first intron, and 200 bp from the second exon as well
as various amounts of sequence 5 to the translation start
site of Rpx, as indicated in Fig. 1.
The BamHI site in RpxZ-4 and the NotI site in RpxZ-6 were
introduced by oligonucleotide-directed mutagenesis (oligonu-
cleotides E16 and E29, respectively). In RpxZ-6, the 5 -most
35 bp was deleted by the mutagenic oligonucleotide E29. The
segments between 568 and 390 were amplified by PCR,
and ligated to the rest of Rpx at the XbaI site. The Rpx–lacZ
fusions were inserted into pUC18 (RpxZ1-4), pGEM-3 (RpxZ-
5), and pBluescript SK (RpxZ-6). In the final clones, the
regions effected by the in vitro manipulations were sequenced
to confirm the right structure.
Animals and embryos
All mice used in this study were FVB/N. Timing of
embryonic development was determined by counting noon
of the plug day as 0.5. For most of the analyses, embryos
were obtained from superovulated females (Hogan et al.,
1986).
Production of transgenic mice
For microinjection, plasmids were restricted, electropho-
resed on agarose gels, and the relevant restriction fragment
free of plasmid sequences was purified by electroelution
onto S&S NA45 membranes (according to the manufactur-
er). DNA was precipitated three times and resuspended in
1 injection buffer (10 mM Tris–HCl, pH 7.5, 0.1 mM
EDTA). Transgenic mice were generated according to stan-
dard procedures (Hogan et al., 1986) by using inbred
FVB/N embryos. RpxZ-1,2,4,5 constructs were tested for
transgene expression in founder (GO) embryos obtained by
Caesarian section of foster females. These so-called “tran-
sient assays” were conducted at three time points in devel-
opment (E7.0–7.5, E8.5–E9.0, and E10–12.5). From
RpxZ-2 and RpxZ-3 constructs, stabile lines were estab-
lished by crossing the male founders to FVB/N female and
intercrossing transgenic F1 progenies. Incorporation of the
transgene was determined by Southern hybridization and/or
PCR analysis. Genomic DNA was prepared from the fixed
and stained embryos or from mouse tail using a modified
salting out procedure (Miller et al., 1988). PCR conditions
were 94°C for 1 min, 55°C for 1 min and 72°C for 1 min in
35 cycles using primer E19 as lacZ-specific sequence in
combination with primers E3, E9, or 14K.
Oligonucleotide sequences:
14K, 5-ACTGGTTAACTTTGTGGAACATAGG-
CAATATAAG-3; E3, 5-CAATTGAGAGCATT-
TTAGG-3; E4, 5-TCTTACTGACGTTGTACAATC-
3; E9, 5-GCTGGGCAAGTGTTCATTGACTTGCT-3;
E13, 5GTCCTGGTACCAACTAATTCTCTTTTCA-3;
E16, 5TGCGGATCCTCATTGACAACGTTCAC-
CATTACA-3; E19, 5AAGGGGGATGTGCTGCAAG-
GCG-3; E29, 5GGTCACTAGTGCGGCCGCAAA-
CAGGTATTTTCATCAGAA-3.
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Tissue recombination experiment
Rathke’s pouches were dissected from nontransgenic
mouse embryos at E11.5–16.0 or from chick embryos at
stage 17/18, placed into 0.3% collagenase (Sigma, Type V)
or 1 mg/ml dispase solution (Boehringer-Mannheim) in
serum-free Medium 199 (Gibco BRL) (a modification of
Daikoku et al., 1983). Most of the neural ectoderm and the
mesenchyme tissues were subsequently removed by manual
dissection with watchmaker’s forceps and sharpened insect
pins. Dorsal and/or ventral telencephalon and diencephalon
were dissected from heterozygous embryos derived from
crosses between FVB/N female  homozygous RpxZ-2
transgenic males (lines D8680, D8660) at E11–12.0 or
E13.5–14.0. Neuroectoderm was placed onto Nucleopore
filters (Costar) on small mesh platforms in six-well tissue
culture plates (Saxen et al., 1968) and cultured for 3 days
either singly or in combination with a nontransgenic Rath-
ke’s pouch. Culture medium was Medium 199 with Hanks’s
salt, L-glutamine, and 25 mM Hepes buffer (Gibco-BRL) to
which 10% horse serum, 100 U/ml penicillinG sodium, and
100 g/ml streptomycin sulfate were added.
-Galactosidase staining
Embryos were fixed and stained with X-gal according to
Sanes et al., (1986). Stained embryos were postfixed in 4%
paraformaldehyde, embedded into paraffin, and sectioned
(7–10 m). Explants from tissue recombination experi-
ments were rinsed with PBS, fixed for 10 min at 4°C in 1%
paraformaldehyde plus 0.2% glutaraldehyde in PBS, and
stained overnight in X-gal reaction mix that did not contain
detergent NP-40.
Results
Rpx–lacZ fusion gene expression in transgenic embryos
In order to identify cis-acting regulatory elements nec-
essary for the proper developmental regulation of Rpx, we
generated reporter gene constructs bearing varying amounts
of 5 sequence of the Rpx gene, the first exon and first
intron, and fused the bacterial lacZ coding region in frame
with the second exon (Fig. 1A and B). These constructs
were used to generate transgenic mice. In most cases, trans-
genic founder (GO) embryos were examined by -galacto-
sidase histochemical staining at several developmental time
points (E7.5, E8.5–9.0, and E10–12.0). For some constructs
(RpxZ-2,3), stable transgenic lines were generated and
transgenic progeny assayed for transgene expression. The
initial constructs screened contained either 5.5 kb (RpxZ-1),
1.5 kb (RpxZ-2), or 1.0 kb (RpxZ-3) of sequence 5 to the
initiator ATG and all gave the same expression pattern (Fig.
1C, Table 1). The representative results shown in Figs. 2–4
were all obtained with the RpxZ-2 construct. With all of
these constructs, the early expression pattern of Rpx in the
anterior endoderm (prechordal plate) and anterior neural
plate was accurately reflected by the lacZ staining pattern.
Activation of the transgene was first detected at E7–7.5 in
the anterior endoderm and prechordal plate region (Fig.
2A–C), followed by activation in the anterior neural plate
somewhat later (E7.5–8.0). In the neural plate, expression at
E7.5 was weak relative to the prechordal plate staining and
was first visualized at the caudal (distal) boundary of its
expression domain. Strong expression was evident in the
most rostral and medial domain of the neural plate (prosen-
cephalon/prospective forebrain) by E8.0 (Fig. 3A and B),
Table 1
Transgene expression in founder embryos and in stable lines
Reporter constructs Precordal plate Anterior neural
plate
Hypothalamus Rathke’s pouch
RpxZ-1 nd 1/1 2/2 0/2
RpxZ-2 nd 2/2 2/2 0/2
RpxZ-2 (5 lines) 20/20 50/50 50/50 0/50
RpxZ-3 (5 lines) 10/10 10/10 10/10 0/10
RpxZ-4 4/4 5/5 2/2 0/2
RpxZ-5 nd 2/2 0/3 0/3
RpxZ-6 nd 1/1 0/4 0/4
Note. Summary of positively stained/ total number of analyzed transgenic embryos. nd, not detectable.
Fig. 2. Activation of the RpxZ-2 fusion gene. (A) Lateral and (B) frontal views of E7–7.5 embryos show a compact expression domain of the transgene.
Staining is evident in the endoderm (en) and prechordal plate (pp) at the future cephalic end of the embryo. (C) Lateral view of an E7.5–8.0 embryo. The
arrow points to the site of transgene activation in the ectoderm immediately adjacent to the prechordal plate/endoderm domain. a, anterior region; h, head
fold.
Fig. 3. Transgene expression in the anterior neural plate. Embryos isolated from two independent lines (A, B and C, D) are shown. (A) Lateral and (B) frontal
views of representative E8–8.75 embryos. (C) Frontal view of an E8.5 embryo of the second line shows a significantly weaker expression in the neural plate
as compared with the embryos in (A) and (B), but in this line, the expression persisted longer in the prechordal plate/endoderm. (D) Frontal view of the coronal
region of the embryo from the same line. f, foregut; anr, anterior neural ridge.
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Fig. 4. Late-stage expression of the RpxZ-2 transgene. (A) Frontal view of an E8.75 embryo shows strong expression in the anterior neural plate (a) and an
aberrant transgene activation in the neuroectoderm of the hypothalamus (black arrow). (B) Ventral view of the head of an E9.5 embryo, (C) and the sagittal
section through the cephalic region of a sibling embryo of the same age. The early neural plate expression is downregulated and the transgene expression
is more obviously different from that of the endogenous Rpx. -Galactosidase staining was evident in the neuroectoderm of the hypothalamus in contact with
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where it remained until E9–9.5. With a few exceptions (see
below), the transgene was downregulated in the prechordal
plate/endoderm as it was upregulated in the neural plate. Up
to E8.75–9.0 of embryogenesis, the expression of the trans-
gene accurately mirrored the expression of the endogenous
gene with some minor differences. There was a slight tem-
poral delay (approximately 0.5–0.75 days) in the activation
of the transgene relative to the endogenous gene in both the
prechordal plate and in the neural plate. We attributed this
to the difference between assaying transcript accumulation
by in situ hybridization (endogenous) to protein expression
(lacZ staining). Similarly, lacZ staining in the anterior neu-
ral plate persisted longer than endogenous Rpx transcripts,
presumably reflecting the perdurance of -galactosidase en-
zyme.
We assayed a large number of transgenic embryos bear-
ing independent insertions of these constructs, particularly
the RpxZ-2 fusion, and all had similar expression patterns
(Table 1). Slight variations were seen in the level of expres-
sion and, in one line, the endoderm/prechordal plate expres-
sion was significantly more intense than the neural plate
expression (Fig. 3C and D). In this line, it was easy to
follow endodermal/prechordal expression into the very an-
terior portion of the foregut at E8–8.5.
Late-stage expression of Rpx-lacZ transgenes
At E9.0, the expression pattern of the transgene started
to vary from that of the endogenous gene. Instead of
becoming restricted to Rathke’s pouch like the endoge-
nous Rpx transcripts, the transgene was activated in the
neuroectoderm in contact with the Rathke’s pouch, where
Rpx is not expressed (Fig. 4). This expression was first
visualized as a small region in the hypothalamus as early
as E8.75 just caudal to the expression domain in the
rostral neural plate (Fig. 4A), and appeared variously as
a small dot or streak (depending on the level of expres-
sion of the integration site) juxtaposed to Rathke’s pouch
by E9.5-10.0 after the early neural plate expression was
extinguished (Fig. 4B and C).
Transgene expression was also detected in the neuroec-
toderm of the infundibulum and posterior lobe of the pitu-
itary as soon as it formed (Fig. 4D and E). Staining persisted
until E14.5-16.5, depending on the line. Extinction of trans-
gene expression roughly coincided with the disappearance
of Rpx transcripts in Rathke’s pouch (E13-14.5).
In vitro Rathke’s pouch:neuroectoderm tissue
recombination experiments
The expression pattern of the transgene in the hypothal-
amus was intriguing because it was always seen in neuro-
ectoderm that was either in direct contact with Rathke’s
pouch or that had been in the direct path of the presumptive
pouch ectoderm as it translocated to its final position next to
the hypothalamus (Fig. 4B–E). This observation suggested
that expression in neuroectoderm was induced by contact
with Rathke’s pouch. To investigate this possibility, we
developed an in vitro tissue recombination system to di-
rectly assess whether transgene expression could be induced
in neuroectoderm cultured with Rathke’s pouch ectoderm.
Neuroectoderm from transgenic embryos (usually E11.5,
ranging from E10.5 to E12.5) was isolated from “ectopic”
sites of the developing forebrain that would not normally
express the transgene and was cultured either with or with-
out a Rathke’s pouch from a nontransgenic embryo. Differ-
ent portions of the telencephalon were often chosen because
of the availability of contralateral matched halves for con-
trols. After 3–5 days, the cultured tissues were fixed and
subjected to -galactosidase histochemical staining. In the
majority of cases, the combined cultures stained positive for
Table 2
Developmental profile of inductive response
Rathke’s Pouch/Pituitary Gland
E11.5–12.0 E13.5–14.0 E16.5 3 month Adult st. 17/18
chick
Telencephalon
E11.0–12.0 17/20 4/5 0/5 0/2 0/2 3/3
E13.5–14.0 0/2 0/2  – – –
Diencephalon
E11.5–12.0 5/6 – – – – –
Controls (E11.5)
Heart Liver Mesenchyme
Surrounding
Pouch
Ventral
Hypothalamus
Eye/Lens
Telencephalon
E11.0–12.0 0/2 0/2 0/3 0/6 4/5
Note. Telencephalon and diencephalon derived from transgenic embryos
(E11–14.0) were cultured together with Rathke’s pouch isolated from
nontransgenic embryos at several developmental time points, or from st.
17/18 chick embryos. Pituitary glands for coculturing were isolated from
3-month-old and adult nontransgenic mice. In the control experiments,
tissues cultured with telencephalon were isolated from nontransgenic em-
bryos. , not examined.
Rathke’s pouch (rp), but oral ectodermal cells from which the pouch is derived were not, or only occasionally labeled: telencephalon; o, optic cup; i,
infundibulum. (D) Dissected head of an E12–12.5 embryo. Transgene expression was detected in cells of the hypothalamus (h) and the posterior lobe (pl)
of the pituitary that was in direct contact with Rathke’s pouch. (E) Midsagittal section of the isolated head shown in (D).
Fig. 5. In vitro tissue recombination. Representatives of stained explants: matched contralateral halves of telencephalon of E11.5 transgenic embryos were
cultured together with (A, C) and without (B, D) Rathke’s pouch isolated from E11.5–12 nontransgenic embryos. The arrows point to the crescent-like
boundaries of the cocultured explant tissue, also shown by the open area in the schematic drawing.
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-galactosidase, while the single cultures did not (Table 2).
Representative stained explants are shown in Fig. 5. This
indicated that transgene expression in neuroectoderm is
activated by contact with Rathke’s pouch. Interestingly,
lacZ staining was not uniform in the neuroectoderm sur-
rounding the pouch, but was usually localized to one region,
suggesting that the signal produced by the pouch was
graded or only a certain region of the pouch could produce
this signal.
We investigated the developmental kinetics and tissue
competency of this inductive response by conducting time
course experiments. We found that, at E11.5, essentially any
region of the forebrain (dorsal/ventral telencephalon or di-
encephalon) was competent to respond to signals from
Rathke’s pouch (Table 2, and data not shown). The neuro-
ectoderm of the telencephalon appeared to lose this compe-
tency between E12.5 and E13.5.
By culturing matched contralateral halves from the tel-
encephalon of E11.5 embryos with Rathke’s pouches/pitu-
itaries of increasing age, it was determined that Rathke’s
pouch can produce the inductive signal up to E13.5–14.0.
Neither E16.5 nor adult pituitaries were able to elicit the
response.
Heterologous recombinants with Rpx–lacZ transgenic
mouse neuroectoderm and chick Rathke’s pouch ectoderm
(stage 17/18, corresponding developmentally to E10.5–11.5
mouse embryos) also worked well, indicating the conserved
nature of the inductive signal. The ability to use chick
pouches in these explant cultures was advantageous for two
reasons. First of all, chick pouches are slightly easier to
isolate and the explants can be conducted at earlier time
points (for example, with oral ectoderm) for which mouse
embryo manipulations are prohibitively difficult. Secondly,
the chick Rathke’s pouch does not have strong cell–cell
contact with the diencephalon and can be isolated totally
free of contaminating neuroectoderm. It is difficult, even
using enzymatic digestion, to isolate intact mouse Rathke’s
pouch ectoderm that is totally free of neuroectoderm. In-
duction with neuroectoderm-free pouch ectoderm, together
with control cultures (see below), unequivocally established
that Rathke’s pouch, not neuroectoderm, was providing the
inductive signal.
We conducted a series of controls, some of which are
listed in Table 2, to determine whether any other tissues are
capable of eliciting the inductive response. We separately
tested both the mesenchyme surrounding the pouch and the
neuroectoderm of the ventral hypothalamus, two tissues that
potentially contaminate mouse Rathke’s pouch explants,
and found that neither were able to induce lacZ expression.
This result, taken together with the chick explant data,
verified that it was Rathke’s pouch that was giving the
signal and not just contaminating mesenchyme or neuroec-
toderm. Of other tissues tested, only the lens ectoderm of
the eye was able to induce transgene expression. This is of
interest since the lens is another ectoderm tissue that has
direct instructive contact with neuroectoderm (the optic
cup) during development.
Mapping of Rpx “inducible” element
These data indicated that there were sequences within the
transgene construct that were capable of responding to in-
ductive signals from Rathke’s pouch. The responsive region
was further delineated by deletion analysis. It was found
that RpxZ-4, containing 568 bp of sequence 5 to the initi-
ator ATG (Fig. 6), was able to direct expression to the
hypothalamus as well as generate the early expression do-
main in the endoderm/prechordal plate and anterior neural
plate. However, hypothalamic expression was lost with
RpxZ-5 and RpxZ-6, containing 390 bp and 532 bp of
upstream sequence, respectively, while early anterior neural
plate expression was retained (Fig. 1, Table 1). Thus, se-
quences essential for the response to inductive signals from
Rathke’s pouch reside between 568 and 532 from the
beginning of the Rpx coding region.
Discussion
Proper “early”, anterior-restricted expression of Rpx can
be recapitulated by Rpx-lacZ transgenes
The expression of the Rpx homeobox gene is modulated
dynamically in time and space in the anterior region of the
developing embryo. Its expression is sequentially activated,
restricted, and repressed in each of the principle expression
domains, the anterior endoderm/prechordal plate, anterior
neural plate, and Rathke’s pouch. To generate this complex
expression pattern, an equally complex system of transcrip-
tional control, involving both positive and negative regula-
tory elements, is required. Using a transgenic mouse assay,
we have identified the cis-acting regulatory sequences ca-
pable of reproducing proper spatial and temporal regulation
of the Rpx gene during early postimplantation development
(E7.0 to E8.5). Fusions containing as little as 568 bp of
upstream sequence and intragenic sequence (the first exon,
intron, and part of the second exon) were sufficient to direct
correct expression to the anterior endoderm/prechordal plate
and anterior neural plate. At least part of the expression
repertoire, the anterior neural plate expression in E8.5 em-
bryos, can be recapitulated with as little as 390 bp of
upstream sequence.
The expression pattern of the Rpx–lacZ transgenes
closely mimicked the endogenous expression profile. How-
ever, the visual prominence of the -galactosidase stain in
transgenic embryos reveled subtle nuances in the bona fide
expression pattern of Rpx that had escaped detection ini-
tially by in situ hybridization. This was particularly striking
in regions where Rpx expression was transient and at low
levels, such as the anterior foregut and anterior tip of the
notochord. The anterior notochord has been implicated in
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very early inductive events in pituitary/anterior head forma-
tion (Eyal-Giladi, 1958; Ferrand, 1972, Gleiberman et al.
1999). In the E8–8.5 embryo, the remnants of the pre-
chordal plate, anterior foregut, and anterior-most extent of
the notochord form a very characteristic square, knot-like
structure (Schwind, 1928) (Fig. 3D). This region also tran-
siently contacts the portion of midline oral ectoderm that
gives rise to Rathke’s pouch (and that also expresses Rpx;
Hermesz et al., 1996). The close apposition of oral ecto-
derm/pituitary primordium with anterior foregut endoderm
is quite obvious in other vertebrate embryos, particularly the
frog (for example, Kawamura and Kikuyama, 1992), and is
suggestive of instructive tissue interaction.
The late Rpx expression pattern requires distinct
regulatory elements
We have shown that the late-stage expression of Rpx
requires additional regulatory elements, since none of the
reporter constructs tested were expressed in Rathke’s pouch
and only an occasional labeled cell was seen in the midline
oral ectoderm from which Rathke’s pouch is derived. After
E9.0, instead of being expressed in Rathke’s pouch, like the
endogenous Rpx gene, the Rpx–lacZ transgenes were aber-
rantly expressed in the neuroectoderm of the hypothalamus
and incipient posterior lobe that was in direct contact with
Rathke’s pouch. Interestingly, transgene expression in the
hypothalamus was extinguished at approximately the same
time as endogenous Rpx expression was extinguished in
Rathke’s pouch. Therefore, proper temporal, but not spatial
regulation, was maintained in these constructs. This result
indicates that the 5 upstream and intragenic sequences lack
key regulatory element(s) that positively regulate expres-
sion in Rathke’s pouch and silence expression in the neu-
roectoderm.
We have previously shown that maintenance of Rpx
expression in Rathke’s pouch after E10.5 requires the Lhx3
LIM-homeodomain gene product (Sheng et al., 1996). The
lack of transgene expression before E10.5 and the proper
activation of Lhx3 indicates that regulatory elements for
factor(s) directing expression to midline oral ectoderm and
early Rathke’s pouch were missing. Candidate factors in-
clude the homeobox genes Six-3, which is coexpressed with
Rpx in the anterior neural plate and Rathke’s pouch (Oliver
et al., 1995), and Pitx1 and Pitx2, which are initially acti-
vated in oral ectoderm and also expressed in the pouch
(Lamonerie et al., 1996; Szeto et al., 1996; Semina et al.,
1996; Gage et al., 1997). Pitx2 has been shown to be
genetically required for Rpx expression in the pouch (Gage
et al., 1999).
A novel inducible element, activated by contact with
Rathke’s pouch, resides in the 5 flanking sequence
of Rpx
The region of the ventral hypothalamus that expresses
Rpx–lacZ transgenes does not normally express Rpx at this
stage, but is postulated to interact with Rathke’s pouch
during development. Because this intriguing “reciprocal”
expression pattern seemed to reflect this interaction, we
developed an in vitro tissue recombination assay using these
transgenic mice and were able to establish that transgene
expression was “induced” in the neuroectoderm by contact
with the pouch. We have shown that neuroectoderm taken
from essentially any region of the developing forebrain
expressed the Rpx–lacZ transgene if the two were cultured
in direct contact, whereas transgenic neuroectoderm cul-
tured alone never expressed the transgene. Thus, taken out
of its normal genomic context and in the absence of missing
regulatory elements, an “inducible” element in the Rpx gene
was unmasked that can be activated in neuroectoderm by
signals emanating from Rathke’s pouch. Deletion analysis
established that sequences essential for this inductive re-
sponse lie between 568 and 532 bp from the initiation
codon of Rpx. The 36-bp region bearing the inducible ele-
ment can be used to identify the regulatory factor that binds
there by expression library screening. We propose that this
element may be conserved among genes that normally re-
spond to signals produced Rathke’s pouch, and can poten-
tially be used to identify such genes.
The integrated endocrine functions of the hypothalamus
and pituitary, and the very close contact that their primor-
dium share during development, have long suggested that
reciprocal inductive interactions are involved in their devel-
opment (Couly and Le Douarin, 1988; Eagleson and Harris,
1989; Kawamura and Kikuyama, 1992; Osumi-Yamashita,
1994). The apparent inductive response seen in our trans-
genic mice is the first clear molecular indicator for cell
signaling from Rathke’s pouch to the hypothalamus during
the formation of the hypothalamic–pituitary axis. We have
shown that this response is specifically elicited in forebrain
neuroectoderm by contact with Rathke’s pouch. Surround-
ing tissues that can potentially influence differentiation of
Rathke’s pouch, such as the ventral hypothalamus (see
Fig. 6. Nucleotide sequence 5 to the translation start site of the Rpx gene. The arrowheads indicate the 5 termini of the RpxZ-4 and RpxZ-5 constructs. The
nucleotide sequence between568 and532 is essential for the response to the inductive signal from Rathke’s pouch. The two palindromic sequences found
in this short region are underlined. Overlapping with the perfect palindrome is the core sequence of the anterior pituitary ES element (shaded, Rosenfeld et
al., 1988; Locker and Buzard, 1990). The GenBank Accession no. of the 5 sequence from 1 to 628 is AF317899.
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above refs.), mesoderm and notochord (Ferrand, 1972;
Kusakabe et al., 1984, 1985, Gleiberman et al., 1999), were
alone unable to induce transgene expression in neuroecto-
derm explants. It is formally possible that the inductive
response could be potentiated by either tissue in combina-
tion with Rathke’s pouch, since it is very difficult to ensure
that all contaminating cells have been removed. Other tis-
sues assayed, with the exception of lens ectoderm, were
unable to induce expression. The ability of lens ectoderm to
induce suggests conservation of signaling pathways in de-
velopment, since direct contact between lens ectoderm and
the optic cup resembles the close association of Rathke’s
pouch ectoderm with the hypothalamic floor. Analogous to
the pituitary/brain situation, there is a great deal of evidence
demonstrating a requirement for the optic cup in lens in-
duction and differentiation, and relatively little evidence for
the reciprocal interaction although the lens placode may
influence patterning in the optic cup (Ashery-Padan et al.,
2000). The possibility that our transgene experiment has
uncovered a conserved and novel aspect of inductive inter-
actions between ectodermal placodes and neuroectoderm in
development is an intriguing one.
Just as the inducible element we have described may be
used to identify factors that bind to it and regulate inducible
expression, the Rpx–lacZ transgenic mice in combination
with the explant culture system comprise a novel assay to
functionally identify signaling molecules expressed in the
pituitary. Together, these resources provide valuable re-
agents for the molecular characterization of reciprocal in-
ductive interactions in the context of the developing pitu-
itary.
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